Synapses connect the neurons in the brain into vast communicating networks composed of overlapping circuits that are highly dynamic owing to synaptic plasticity. Arguably the most compelling form of such plasticity is NMDA receptor (NMDAR)-dependent LTP 1-3 . NMDARdependent LTP is crucial for the formation of neural circuits and for the restructuring of neural circuits during learning and memory 4 . NMDAR-dependent LTP operates widely in the brain, but has been most extensively studied at CA3-CA1 Schaffer collateral synapses in the hippocampus 1-3 . During LTP induction, coincident stimulation of presynaptic inputs on a postsynaptic neuron gates a postsynaptic influx of Ca 2+ through NMDARs. Intracellular Ca 2+ then causes an increase in postsynaptic levels of AMPA receptors (AMPARs), thereby enhancing synaptic strength 2,3 . The mechanisms that increase postsynaptic AMPAR levels during LTP are not completely understood, although it has been suggested that the Ca 2+ -dependent capture of extrasynaptic AMPARs by postsynaptic specializations is the most critical step 5-7 . However, blocking postsynaptic membrane fusion impairs AMPAR recruitment during LTP 8-10 , suggesting that Ca 2+ -dependent AMPAR exocytosis is also involved. Thus, two major questions arise: what molecular mechanisms deliver AMPARs to synapses during LTP, and how are these mechanisms regulated by Ca 2+ ?
Synapses connect the neurons in the brain into vast communicating networks composed of overlapping circuits that are highly dynamic owing to synaptic plasticity. Arguably the most compelling form of such plasticity is NMDA receptor (NMDAR)-dependent LTP [1] [2] [3] . NMDARdependent LTP is crucial for the formation of neural circuits and for the restructuring of neural circuits during learning and memory 4 . NMDAR-dependent LTP operates widely in the brain, but has been most extensively studied at CA3-CA1 Schaffer collateral synapses in the hippocampus [1] [2] [3] . During LTP induction, coincident stimulation of presynaptic inputs on a postsynaptic neuron gates a postsynaptic influx of Ca 2+ through NMDARs. Intracellular Ca 2+ then causes an increase in postsynaptic levels of AMPA receptors (AMPARs), thereby enhancing synaptic strength 2, 3 . The mechanisms that increase postsynaptic AMPAR levels during LTP are not completely understood, although it has been suggested that the Ca 2+ -dependent capture of extrasynaptic AMPARs by postsynaptic specializations is the most critical step [5] [6] [7] . However, blocking postsynaptic membrane fusion impairs AMPAR recruitment during LTP [8] [9] [10] , suggesting that Ca 2+ -dependent AMPAR exocytosis is also involved. Thus, two major questions arise: what molecular mechanisms deliver AMPARs to synapses during LTP, and how are these mechanisms regulated by Ca 2+ ?
In considering these questions, we focused on the potential role of postsynaptic synaptotagmins in LTP because synaptotagmins are well established Ca 2+ sensors for Ca 2+ -triggered exocytosis 11 , and because complexin, a co-factor for synaptotagmins in exocytosis 12, 13 , is also postsynaptically essential for LTP 9 . Among synaptotagmins, synaptotagmin-1 (Syt1) acts as the main Ca 2+ sensor for fast presynaptic vesicle exocytosis, whereas synaptotagmin-7 (Syt7) functions as the predominant Ca 2+ sensor for a slower form of exocytosis [14] [15] [16] [17] . Moreover, Syt1 and Syt7 are redundantly essential for Ca 2+ -stimulated chromaffin granule exocytosis, which exhibits a time course similar to that of LTP induction 18 . Here, we show that Syt1 and Syt7 act as essential but redundant postsynaptic Ca 2+ sensors for AMPAR exocytosis during LTP, uncovering a simple mechanism for the Ca 2+ -dependent recruitment of AMPARs during LTP (Extended Data Fig. 1 ).
Postsynaptic Syt1-Syt7 loss blocks LTP
To examine the role of Syt1 and Syt7 in LTP, we applied well-characterized Syt1 and Syt7 short hairpin RNAs (shRNAs), which suppress expression of Syt1 and Syt7 by more than 80% 16, 17, 19 (Extended Data Fig. 2 ). Using stereotactic injections of adeno-associated viruses (AAVs) into juvenile mice, we expressed these shRNAs in vivo separately or together in the hippocampal CA1 region, and recorded whole-cell currents from individual pyramidal neurons in acute slices 20-36 days after injection ( Fig. 1a ). Neurons infected with control AAVs or with AAVs expressing only Syt1 or Syt7 shRNAs exhibited robust LTP (Fig. 1b) . By contrast, neurons infected with AAVs expressing both Syt1 and Syt7 shRNAs (Syt1-Syt7 DKD) were, on average, unable to generate LTP ( Fig. 1b and Extended Data Fig. 3a ). We confirmed that LTP elicited by our standard induction protocol was blocked by the NMDAR antagonist 2-amino-5-phosphonovalerate (AP5) and by the calmodulin (CaM) kinase IIα inhibitor autocamtide-2-related inhibitor peptide (AIP; Extended Data Fig. 3b ).
Next, we used stereotactic injections of lentiviruses that expressed Syt1 and Syt7 shRNAs with enhanced green fluorescent protein (eGFP). In contrast to AAVs, which infect nearly all neurons in a particular brain region, lentiviruses infect only a sparse subset of neurons ( Fig.  1a ). Strikingly, lentiviral expression of Syt1 and Syt7 shRNAs blocked LTP, demonstrating a cell-autonomous mechanism ( Fig. 1c and Extended Data Fig. 3c ).
To control for potential off-target effects caused by RNA interference (RNAi) knockdowns, we performed additional experiments. First, by gating postsynaptic Ca 2+ -influx via L-type Ca 2+ -channels during blockade of NMDARs 21, 22 . Thus, voltage-pulse LTP is independent of presynaptic neurotransmitter release or postsynaptic NMDARs. Notably, voltage-pulse LTP was also abolished by postsynaptic ablation of Syt1 and Syt7, similar to NMDAR-dependent LTP ( Fig. 2d and Extended Data Fig. 3e ).
Together these data show that inhibition of postsynaptic Syt1 and Syt7 expression blocks LTP induced by postsynaptic increases in Ca 2+ , independent of the source of Ca 2+ . The postsynaptic Ca 2+ -dependent function of Syt1 and Syt7 is surprising given the abundant presynaptic localization of Syt1 and Syt7 (ref. 11). Although most Syt1 and Syt7 is presynaptic, postsynaptic dendritic Syt1 and Syt7 can be detected (Extended Data Fig. 4 ). Moreover, double-knockout neurons lacking 
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Syt3 and Syt5-which belong to a different class of synaptotagmins 11 and are the only other two Ca 2+ -binding synaptotagmins that are abundantly expressed in CA1 pyramidal neurons-exhibited no impairment of LTP (Extended Data Fig. 5a ), demonstrating that the block of LTP by inhibition of postsynaptic Syt1 and Syt7 expression is specific to these synaptotagmins.
Syt1 and Syt7 in other AMPAR trafficking events
Although our results suggest that Syt1 and Syt7 are redundantly essential for AMPAR exocytosis during LTP, alternative explanations are possible. Brain-derived neurotrophic factor (BDNF) may play an instructive role in synaptic plasticity 23, 24 , prompting us to investigate whether the Syt1 and Syt7 double deficiency blocked LTP by inhibiting BDNF secretion. However, BDNF application did not reverse the phenotype, arguing against this explanation (Extended Data Fig. 5b ).
Another possible explanation for the Syt1 and Syt7 requirement in LTP is that depletion of Syt1 and Syt7 might decrease basal synaptic strength, although this would not explain the loss of voltage-pulse-induced LTP. However, we observed no differences in basal AMPAR or NMDAR excitatory postsynaptic currents (EPSCs) between control and Syt1-Syt7 DKD neurons during dual patch-clamp recordings of adjacent control and Syt1-Syt7 DKD pyramidal CA1 neurons (Extended Data Fig. 6a-d) . Moreover, we observed no major differences between control and Syt1-Syt7 DKD neurons in the paired-pulse ratio (PPR) of AMPAR EPSCs (Extended Data Fig. 6e ) or in the properties of spontaneous miniature excitatory postsynaptic currents (mEPSCs) (Extended Data Fig. 6f -h). Thus, postsynaptic loss of Syt1and Syt7 function does not change basal synaptic transmission at synapses on affected neurons.
Next, we assessed whether other forms of synaptic plasticity involving AMPAR trafficking were impaired by the Syt1-Syt7 double deficiency. Homeostatic plasticity induced by chronic synaptic silencing (36-h application of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)) or by direct application of retinoic acid (4-h application) potently stimulates synaptic AMPAR recruitment 25 . Loss of Syt1 and Syt7 had no effect on either form of synaptic AMPAR recruitment (Fig. 3a, b and Extended Data Fig. 7a-d ), demonstrating that Syt1 and Syt7 are essential specifically for Ca 2+ -induced AMPAR recruitment during LTP. Similarly, we observed no effect of the Syt1-Syt7 double deficiency on postsynaptic longterm depression (LTD), which involves NMDAR-dependent AMPAR endocytosis 2,3,26 (Extended Data Fig. 7e ). Thus, postsynaptic loss of Syt1 and Syt7 in CA1 pyramidal neurons did not impair the activity-dependent trafficking of AMPARs, as far as measured, except during LTP.
Extrasynaptic AMPARs
As a further alternative explanation of our results, we investigated whether the postsynaptic Syt1-Syt7 deficiency could block LTP by reducing delivery of extrasynaptic AMPARs without decreasing synaptic AMPARs, as observed after genetic deletion of the AMPAR subunit GluA1 (encoded by Gria1) 7, 27 . To test this hypothesis, we pulled nucleated somatic outside-out patches from CA1 neurons in acute slices, and measured currents induced by application of AMPA ( Fig. 3c, d ). We observed no change in AMPA-induced currents in Syt1-Syt7 DKD neurons, but, as expected, detected a massive decrease in these currents in homozygous GluA1 knockout neurons 7, 27 (Fig. 3e and Extended Data Fig. 8a, b ). Moreover, we analysed immunocytochemical staining of surface GluA1 in cultured Syt1-Syt7 DKD hippocampal neurons, using wild-type and GluA1 knockout neurons as controls ( Fig. 3f ). Syt1-Syt7 double-deficient neurons again exhibited no detectable change in extrasynaptic or synaptic surface GluA1 (as defined by co-localization with the postsynaptic density protein PSD95), whereas, again as expected, GluA1 knockout neurons displayed a large decrease in surface GluA1 receptors ( Fig. 3g ). Thus, two complementary assays demonstrate that the postsynaptic Syt1-Syt7 deficiency did not cause a decrease in extrasynaptic AMPARs.
The normal levels of synaptic and extrasynaptic AMPARs in Syt1-Syt7 DKD neurons show that either constitutive AMPAR exocytosis and endocytosis are normal, or AMPAR exocytosis and endocytosis are both changed in parallel. To investigate the latter possibility, we analysed the effect of the Syt1-Syt7 double deficiency on the constitutive endocytosis of AMPARs, but detected no significant change (Extended Data Fig. 8c-e ). Thus, constitutive AMPAR trafficking overall was likely to be normal.
Syt1-Syt7 loss impairs AMPAR exocytosis
To further assess whether the Syt1-Syt7 double deficiency blocked LTP-induced, Ca 2+ -triggered AMPAR exocytosis, we directly measured AMPAR exocytosis elicited by NMDAR activation in cultured hippo campal neurons, using a well-established chemical LTP (cLTP) protocol 28, 29 . Induction of cLTP efficiently increased GluA1 surface levels in control neurons but not in Syt1-Syt7 DKD neurons ( Fig. 4a, b ), confirming that the Syt1-Syt7 deficiency impairs AMPAR exocytosis induced 
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by NMDAR activation. Again, the block of cLTP in neurons lacking Syt1 and Syt7 was reversed by expression of wild-type Syt7 (Fig. 4a, b ). It is possible that the NMDAR-dependent increase in surface GluA1 during cLTP could be due to clustering of pre-existing, diffuse surface GluA1-containing AMPARs, rendering them more detectable by immunocytochemistry, and thus that the Syt1-Syt7 deficiency impairs AMPAR clustering instead of AMPAR exocytosis. To directly test this possibility, we visualized AMPAR exocytosis in real time by combining cLTP with live-cell imaging of neurons overexpressing SEP-GluA1 30, 31 . In SEP-GluA1, the extracellular N terminus of GluA1 is fused with a superecliptic pHluorin (SEP), a pH-sensitive GFP that becomes fluorescent when exposed to the extracellular milieu, but not when it is within an acidic intracellular trafficking vesicle. To eliminate the possibility that cLTP increased detection of pre-existing surface SEP-GluA1 owing to clustering, we photobleached all surface SEP-GluA1 before inducing cLTP ( Fig. 4c, d) . In control cells, subsequent cLTP induction significantly increased SEP-GluA1 fluorescence during the 25-min duration of our experiment; this increase was blocked by the NMDAR antagonist AP5 (Fig. 4c, d) . Notably, the Syt1-Syt7 deficiency almost abolished this increase ( Fig. 4c, d) . Thus, Syt1 and Syt7 are redundantly required for NMDAR-induced AMPAR exocytosis.
Probing Ca 2+ -triggered exocytosis
Do Syt1 and Syt7 function in postsynaptic AMPAR exocytosis as actual Ca 2+ sensors, or as Ca 2+ -independent trafficking proteins? This question arises because in presynaptic vesicle exocytosis, Syt1 and Syt7 act both as Ca 2+ sensors and as priming factors 11, [14] [15] [16] [17] . The lack of LTP rescue by the Ca 2+ -binding mutant Syt7-C2A* supports the Ca 2+ sensor hypothesis (Fig. 2b) . To further test this conclusion, we sought to develop tools that could differentiate between the priming and Ca 2+ -sensing functions of synaptotagmins.
In Drosophila, Ca 2+ -binding site mutants of Syt1 are dominantnegative inhibitors of neurotransmitter release 32 . We asked whether the same was true in mammals using mutant Syt1 with inactivating substitutions in the Ca 2+ -binding sites of the C2A (Syt1-C2A* ) or C2B domain (Syt1-C2B* ), or of both (Syt1-C2A* B* ). In cultured wild-type hippocampal neurons, Syt1-C2B* robustly inhibited release, whereas Syt1-C2A* had no effect (Fig. 5a, b and Extended Data Fig. 9a ). The Syt1-C2A* B* double mutation enhanced the dominant-negative inhibition of release by the Syt1-C2B* single mutation, suggesting that both C2 domains contribute to this process ( Fig. 5a, b ). Syt1-C2A* B* blocked release at both excitatory and inhibitory synapses (Fig. 5a, b and Extended Data Fig. 9a , c). The Syt1 mutants, however, did not impair Ca 2+ -independent vesicle exocytosis induced by hypertonic sucrose, which stimulates Ca 2+ -independent exocytosis of all primed synaptic vesicles 33 (Fig. 5a , c and Extended Data Fig. 9b ).
Strikingly, dominant-negative Syt1-C2A* B* suppressed not only synchronous release in wild-type synapses, but also asynchronous release, which remains in Syt1 knockout neurons and is ablated by the additional deletion of Syt7 16 (Fig. 5d ). Thus, Syt1-C2A* B* blocked both Syt1 and Syt7 function. However, inhibiting Syt7 expression in Syt1 knockout neurons additionally decreased Ca 2+independent release induced by hypertonic sucrose 17 , whereas dominant-negative Syt1-C2A* B* had no effect on sucrose-induced release in Syt1 knockout neurons ( Fig. 5e ). Thus, Syt1-C2A* B* is a dominant-negative inhibitor of Ca 2+ -dependent but not of Ca 2+independent synaptotagmin function, making it a suitable tool for understanding the role of Syt1 and Syt7 in regulated AMPAR exocytosis.
Syt1-C2A* B* blocks LTP
We sparsely expressed dominant-negative Syt1-C2A* B* in CA1 wild-type neurons in vivo, and measured NMDAR-dependent LTP and voltage-pulse-induced LTP in acute slices. Syt1-C2A* B* potently blocked both forms of LTP (Fig. 5f ), but had no notable effect on the parameters of basal excitatory synaptic transmission, such as PPR, AMPAR/NMDAR ratio, mEPSC frequency and mEPSC amplitude (Extended Data Fig. 9d-h) .
These results indicate that Syt1 and Syt7 perform an essential Ca 2+ sensor function in AMPAR exocytosis during LTP. To test this conclusion independently with yet another approach, we examined 
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the effect of dominant-negative Syt1-C2A* B* in cultured wild-type hippocampal neurons on cLTP, and monitored surface levels of both GluA1 and GluA2 (Fig. 5g, h) . As expected, induction of cLTP greatly increased surface levels of both GluA1 and GluA2 in control neurons. In marked contrast, dominant-negative Syt1-C2A* B* completely blocked the increases in surface GluA1 and GluA2 during cLTP, but had no effect on steady-state surface levels of GluA1 or GluA2 (Fig. 5g, h) . Thus, selectively blocking the Ca 2+ sensor function of Syt1 and Syt7 using dominant-negative Syt1-C2A* B* blocked LTP-induced AMPAR exocytosis in slices and in cultured neurons. 

Summary
Using multiple in vivo and in vitro manipulations of postsynaptic Syt1 and Syt7, we show that NMDAR-dependent LTP requires Syt1 or Syt7 as functionally redundant Ca 2+ sensors for AMPAR exocytosis (Extended Data Figs 1, 10) . Our results imply that Ca 2+ -triggered AMPAR exocytosis is a critical step in LTP and that Ca 2+ -regulated membrane traffic is governed by similar mechanisms in presynaptic and postsynaptic compartments, revealing an unexpectedly economical organization of synapses. Two independent lines of evidence directly show that Syt1 and Syt7 act as Ca 2+ sensors for AMPAR exocytosis during LTP. First, a mutation in Syt7 that abolishes Ca 2+ binding but does not produce a dominant-negative effect fails to rescue LTP (Fig. 2b) . Second, a mutation in Syt1 that abolishes Ca 2+ binding and renders it dominant-negative for Ca 2+ sensing but not for Ca 2+independent exocytosis also blocks LTP (Fig. 5 ). CaM kinase IIα , which is activated by Ca 2+ , is also essential for LTP [34] [35] [36] 39, 40 . It seems likely that Ca 2+ -induced AMPAR exocytosis during LTP is perisynaptic, with subsequent lateral diffusion of perisynaptic AMPARs into the postsynaptic density 3,5,6 , but direct exocytosis of AMPAR vesicles into the postsynaptic membrane cannot at present be ruled out.
The unexpected discovery of a critical role of postsynaptic synaptotagmins as Ca 2+ -sensors for LTP provides new insight into synaptic plasticity. Showing that presynaptic and postsynaptic mechanisms share critical features renders LTP a simple and economical process, as would be expected for a universal mechanism involved in circuit plasticity.
ARTICLE RESEARCH
METHODS
No statistical methods were used to predetermine sample size. Experiments described in Figs 1b, 4 , 5a-e, g, h and Extended Data Figs 3f, 5a, 8 , 9a-c were randomized and investigators were blinded to allocation and outcome assessments; all other experiments were not randomized and investigators were not blinded. Mice. Juvenile (P18-22) male mice (CD1 or CD1/Bl6/Sv129 hybrid strains) were used for all LTP experiments, and newborn male and female mice (same strains) for all culture experiments. All mouse lines used here (CD1, Syt7 knockout (KO), Syt1 conditional (c)KO, GluA1 KO, Syt1 KO, Nrxn1-HA knockin) except for 7SF (which is a new constitutive Syt7 KO line; see Extended Data Fig. 3g -i) have been described previously 14, 16, 20, 27 . Experiments in Figs 2c, 3a, b and Extended Data Fig. 7a-d used 7SF ; experiments in Extended Data Fig. 3f used our previously reported Syt7 KO mice. Mice were bred using standard procedures; all genetic strains have been deposited at Jackson Labs. All animal experiments were evaluated and approved by the Stanford University Administrative Panel on Laboratory Animal Care. Plasmid constructs and viruses. An overview of the plasmids used is present in Extended Data Fig. 2 . All plasmids, including the Syt1 and Syt7 knockdown lentiviral vectors used have been described previously 16, 17, 19, 20 . The following oligonucleotide sequences were used for knockdowns: Syt7 KD606 AAAGACAAGCGGGTAGAGAAA; KD607 GATCTACCTGTCCTGGAAGAG; Syt1 GAGCAAATCCAGAAAGTGCAA. AAV-DJ viruses and lentiviruses were prepared as described 16, 17, 19 .
The Syt7 Ca 2+ -binding site mutant Syt7-C2A* contains the following mutations: D225A, D227A and D233A ref. 41 . The Syt1 Ca 2+ -binding site mutants contain the following mutations: Syt1-C2A* , D178A, D230A and D232A; Syt1-C2B* , D309A, D363A and D365A; Syt1-C2A* B* , a combination of all Syt1 mutations 42 . In vivo stereotactic injections. Mice (male, aged postnatal day (P)18-P22; weight 8-12 g) were anaesthetized with a mixture of ketamine (75 mg per kg body weight) and dexmedetomidine (0.375 mg per kg body weight) by intraperitoneal injection. Mice were immobilized on a Kopf stereotaxic apparatus and small bilateral holes were drilled into the skull at − 1.8 mm posterior and − 1.5 mm lateral to bregma for injection into the hippocampal CA1 region. Glass cannulae filled with viral solution were lowered to a depth of 1.35 mm (from the dura), and viral medium (0.6 μ l) was injected using a microinjection pump (Harvard Apparatus) at a flow rate of 0.1 μ l per min sequentially into each hemisphere. The scalp was then sealed and atipamezole (10 mg per kg body weight) was injected by intraperitoneal injection to reverse the effect of dexmedetomidine. Animals were monitored as they recovered from anaesthesia. Acute slice electrophysiology. Mice were anaesthetized with isoflurane 20-36 days after in vivo virus injections. Their brains were then rapidly removed and placed in ice-cold, high-sucrose cutting solution containing (in mM): 75 sucrose, 85 NaCl, 24 NaHCO 3 , 25 glucose, 2.5 KCl, 1.25 NaH 2 PO 4 , 4 MgCl 2 and 0.5 CaCl 2 . Slices were sectioned on a Leica vibratome in high-sucrose cutting solution, and immediately transferred to an incubation chamber with artificial cerebrospinal fluid (ACSF) containing (in mM): 117.5 NaCl, 26.2 NaHCO 3 , 11.0 glucose, 2.5 KCl, 1 NaH 2 PO 4 , 1.3 MgSO 4 and 2.5 CaCl 2 . Slices were allowed to recover at 32 °C for 30 min before equilibration at room temperature for another hour. During recordings, slices were placed in a recording chamber perfused with heated ACSF (28-30 °C) and gassed continuously with 95% O 2 and 5% CO 2 . All slice recordings were obtained with picrotoxin (50 μ M) in the ACSF. Whole-cell recording pipettes (3-4 MΩ ) were filled with a solution containing (in mM): 135 CsMeSO 4 , 8 NaCl, 10 HEPES-NaOH pH 7.3, 0.25 EGTA, 2 MgCl 2 , 4 Mg 2 ATP, 0.3 Na 3 GTP and 5 phosphocreatine (osmolarity 300). Data were collected with a MultiClamp 700B amplifier (Molecular Devices), digitized at 10 kHz using the Digidata 1322A data acquisition system (Molecular Devices) and analysed using a custom program written with Igor Pro software (Wavemetrics) or Clampex/Clampfit (Molecular Devices). The frequency, duration and magnitude of the extracellular stimulus were controlled with a Model 2100 Isolated Pulse Stimulator (A-M Systems). Evoked synaptic responses were triggered with a bipolar electrode. LTP, voltage-pulse LTP and LTD. CA1 pyramidal cells were visualized by infrared differential interference contrast (DIC) imaging and GFP-positive neurons were identified by epifluorescence. A bipolar stimulation electrode was placed in the stratum radiatum to evoke EPSCs in CA1 pyramidal cells. Cells were held at − 70 mV to record AMPAR EPSCs while stimulating afferent inputs at 0.1 Hz. LTP was induced by two trains of high-frequency stimulation (100 Hz, 1 s) separated by 20 s with the patched cells depolarized to − 10 mV. This induction protocol was always applied within 10 min of achieving whole-cell configuration to avoid 'washout' of LTP. For voltage-pulse LTP, cells were depolarized 20 times from − 70 mV to + 10 mV for 1 s in the absence of stimulation but in the presence of AP5. To induce LTD, cells were held at − 45 mV and one train of low frequency stimulation (1 Hz, 400 s) was applied. To generate summary graphs, individual experiments were normalized to the baseline and six consecutive responses were averaged to generate 1-min bins. These were then averaged again to generate the final summary graphs. The magnitudes of LTP and LTD were calculated on basis of the averaged EPSC values during the last 5 min of the LTP and LTD summary graphs. Dual cell recordings. Neighbouring infected and uninfected pairs of pyramidal cells were recorded simultaneously in CA1 with Schaffer collateral stimulation. The AMPAR/NMDAR ratio was calculated as the peak averaged AMPAR EPSC (30-50 consecutive events) at − 70 mV divided by the averaged NMDAR EPSC (20-40 consecutive events), measured 50 ms after the onset of the dual component EPSC at + 40 mV. Miniature EPSCs. AMPAR mEPSCs were recorded in the presence of tetrodotoxin (TTX; 0.5 μ M) holding the cells at − 70 mV (detection threshold, 5 pA). The average mEPSC amplitude and frequency for each cell was calculated by collecting all mEPSCs recorded during the initial 5-min period after whole-cell access when a stable series resistance (10-15 MΩ ) was achieved. For the cumulative probability plots of mEPSC amplitude and inter-event interval, the first 200 mEPSCs from each cell were included. Nucleated outside-out patch recordings. Outside-out patches were pulled from the somata of hippocampal CA1 pyramidal neurons and held at − 70 mV. We applied 10 μ M of s-AMPA to the patches using a Picospritzer II (Parker Hannifin Corp.) in the presence of 100 μ M cyclothiazide, 50 μ M picrotoxin, 25 μ M AP5 and 0.5 μ M TTX. Controls for slice physiology experiments. For analysis of Syt1 and Syt7 knockdowns using AAV-expressed shRNAs (Fig. 1b) , all viruses expressed GFP, and the control slices were obtained from separately infected animals that expressed only GFP without an shRNA (Extended Data Fig. 2) . For experiments in constitutive Syt7 knockout mice expressing lentiviral Syt1 knockdown (Extended Data Fig. 3f ), controls were separately infected animals that were injected with a lentivirus expressing GFP only. For analysis of Syt1 and Syt7 knockdown using lentivirally expressed shRNAs, conditional Syt1 knockout experiments using lentivirally expressed Cre-recombinase and lentiviral overexpression of the dominant negative Syt1-C2A* B* (Figs 1c, 2a-d , 3a-g, 5f; Extended Data Figs 3d, 6, 7, 9d-h), controls were recorded from uninfected cells located nearby in the same animals and slices as the knockdown cells. Dissociated hippocampal culture electrophysiology. Cultures of hippocampal neurons were produced from wild-type and Syt1 KO mice, and used for viral infections and recordings at 14-16 DIV as described 16, 17, 43, 44 . Recordings were done blindly.
Organotypic cultures and recordings from cultured hippocampal slices.
Organotypic slice cultures were prepared from young Syt1cKO and Syt7 KO mice (P6-7) and placed on semiporous membranes (Millipore) for 5-7 days before recording 25, 45 . Voltage-clamp whole-cell recordings were obtained from CA1 pyramidal neurons treated with vehicle control, 10 μ M CNQX (for 36 h before recording) or 10 μ M retinoic acid (RA) (for 4 h before recording), under visual guidance using transmitted light illumination. Tests and controls were from the same batches of slices on the same experimental day and were analysed as described 25 . CNQX-or RA-treated slices were washed out before evoked responses were recorded. Chemical LTP (cLTP) assay and immunocytochemistry. We thoroughly washed 18-21 days in vitro (DIV; 9-11 days after infection) hippocampal cultures with extracellular solution (ECS) containing (in mM): 150 NaCl, 2 CaCl 2 , 5 KCl, 10 HEPES pH 7.4, 30 glucose, 0.001 TTX, 0.01 strychnine and 0.03 picrotoxin. For cLTP, neurons were incubated with or without 0.3 mM glycine at room temperature for 3 min in ECS, and then for another 20-25 min in ECS without glycine at 37 °C. Neurons were fixed with 4% paraformaldehyde for 15 min on ice, which does not permeabilize the cells. Surface AMPARs were labelled for 1 h at 37 °C with a polyclonal rabbit primary antibody specific to an N-terminal extracellular epitope of GluA1 (Calbiochem) or a mouse monoclonal antibody against an extracellular epitope of GluA2 (MAB397, EMD Millipore); they were washed multiple times with PBS and reacted for 1 h at 37 °C with appropriate secondary antibodies. Confocal stacks were obtained for 6-12 individual fields from multiple coverslips per culture with a 60× 1.4 NA oil-immersion objective mounted on a Nikon A1 laser-scanning confocal microscope. Three independent cultures (control, non-stimulated coverslips and glycine-treated coverslips) were examined for each manipulation. Synaptic and extrasynaptic GluA1 levels. Wild-type and GluA1-KO cultured neurons were infected with GFP-expressing lentivirus with or without shRNAs at DIV8, and fixed at DIV18-21 in 4% paraformaldehyde and 4% sucrose for 15 min on ice (no permeabilization). Surface GluA1 AMPARs were labelled using a polyclonal rabbit primary antibody specific to an N-terminal extracellular epitope of GluA1 (Calbiochem) and visualized with anti-rabbit Alexa 568-conjugated secondary antibodies. After permeabilizing the cells with 0.1% Triton X-100 for 30 min at room temperature, a mouse monoclonal anti-PSD-95 antibody (Abcam 2723) was co-applied with an anti-GFP antibody (raised in chicken; Aves Labs) followed by anti-mouse Alexa 647-conjugated and anti-chicken Alexa 488-conjugated secondary antibodies, respectively. Primary and subsequently secondary antibodies were incubated with cells at 37 °C for 1 h spaced with multiple PBS washes. For image acquisition, coverslips were mounted on glass slides in fluoromount-G (Southern Biotech). Confocal stacks were obtained in three-colour channels for 6-12 individual fields from multiple coverslips per culture (three cultures) with a 60× 1.4 NA oil-immersion objective mounted on a Nikon A1 laser-scanning confocal microscope. Imaging and analyses were performed using raw images without knowledge of the experimental manipulation that had been performed. Confocal images were acquired maintaining Nyquist criteria for digital microscopy. A maximum intensity Z projection was obtained from each confocal image stack using custom Nikon software and quantitative image analysis was performed on these images; non-induced control cells from the same culture were used as the baseline for comparisons. Total dendritic surface AMPARs in a field were determined by calculating the total number of pixels enriched in AMPARs above an arbitrary threshold value that was kept constant for all images from that culture preparation and was selected by visual inspection of images from non-induced control cells using ImageJ (http://rsb.info.nih.gov/ij/). This value was divided by the total surface area calculated using a lower threshold value that captured the entire dendritic arbour and that was again kept constant for all images from a culture preparation. To calculate changes in AMPAR surface expression following experimental manipulations, AMPAR surface expression values for each image were normalized to the average value obtained from non-treated control cells for each individual culture preparation. Image thresholds, area measurements and numerical calculations were performed using software developed in Matlab (The MathWorks, Inc.). To identify the synaptic and extrasynaptic fractions of GluA1 staining, Z-projection was obtained from three individual colour images of 50 μ m dendritic segments. The total area and synaptic area masks were created by applying threshold values to GFP and PSD95 images, respectively. Then, an extrasynaptic area mask was obtained by subtracting the synaptic area from the total area mask image. These two masks, synaptic and extrasynaptic, were then applied to the GluA1 image to determine the average intensity of GluA1 staining on GluA1-wild-type, Syt1-Syt7 double knockdown and GluA1-KO dendritic segments. V5-tagged Syt1 and Syt7 immunocytochemistry. Wild-type cultured neurons were transfected at DIV7 using calcium phosphate with constructs expressing either V5-tagged Syt1 or Syt7 and eGFP. Cells were fixed at DIV14-16 in 4% paraformaldehyde and 4% sucrose for 15 min and permeabilized with 0.1% Triton X-100 for 20 min at room temperature. Coverslips were incubated in primary antibodies against V5 (rabbit, V8137, Sigma), MAP2 (mouse, M1406, Sigma) and VGluT1 (guinea pig, ab5905, Millipore); and secondary antibodies anti-mouse AlexaFluor405, anti-rabbit AlexaFluor546 and anti-guinea pig AlexaFluor633. Primary and subsequently secondary antibodies were incubated with cells at 37 °C for 1 h spaced with multiple PBS washes. For image acquisition, coverslips were mounted on glass slides in fluoromount-G. Confocal stacks were obtained in four-colour channels with a 60× 1.4 NA oil-immersion objective. Endocytosis assay. AMPAR internalization assays were performed essentially as described 46 . After 14-16 DIV, cultured hippocampal neurons were labelled at 37 °C for 20 min with a primary antibody against an extracellular epitope of GluA1 (Calbiochem) or GluA2 (MAB397, Millipore) to allow labelling of surface AMPARs. Cells were washed in PBS, then incubated at 37 °C with neuron growth medium for 20 min to allow basal internalization. Cells were then washed and fixed with 4% PFA and 4% sucrose, blocked in a detergent-free blocking solution for 1 h, and incubated with AlexaFluor546 secondary antibody at room temperature for 1 h to label surface receptors. Neurons were then post-fixed with 100% methanol at − 20 °C, blocked for 1 h and incubated with an AlexaFluor633 secondary antibody at room temperature for 1 h to label the internalized AMPAR fraction. Fluorescent images were acquired at room temperature with a Nikon A1 laser-scanning confocal microscope using a 60× 1.4 NA oil-immersion objective. Within the same experiment, the same settings for laser power, PMT gain and offset were used. Digital images were taken using Nikon NIS-Elements imaging software. Data shown represent the average of the mean values from at least three independent experiments. To calculate internalization, the integrated red fluorescence intensity that identifies internalized GluA1 was divided by the total (red and green) intensity and normalized to the averaged wild-type levels. Glycine treatment of live cells after photobleaching. Hippocampal cultures at DIV7-8 were transfected using calcium phosphate with SEP-GluA1 constructs with or without shRNAs. Live cells on coverslips (DIV18-21) were thoroughly washed and mounted in a live imaging chamber with extracellular solution (ECS) at 37 °C. First, a Z-stack image of an entire transfected neuron was obtained with a 40× 1.3 NA oil-immersion objective mounted on a Nikon A1 laser-scanning confocal microscope. High laser power was used to scan and bleach the whole cell. Immediately after bleaching, another Z-stack image was taken to ensure more than 95% reduction of surface fluorescence intensity. We perfused 500 μ M glycine in ECS into the chamber for 3-4 min to induce cLTP, followed by ECS (no glycine) perfusion at 37 °C for 20 min. A series of Z-stack images was obtained after induction at the 5-min interval to capture the fluorescence recovery. Z-projections were obtained from each time point using Nikon's maximum intensity projection method. Multiple time points for images were then stacked together as a time series in ImageJ. Dendritic segments (50 μ m) were used to quantify the fluorescence intensity emitted from SEP-GluA1 expressed at the cell surface. A mask of a dendritic segment was created using the first image (pre-bleach) of the time series and then applied to all images to determine the total intensity under the same mask for all three conditions. Each intensity value was normalized with respect to the initial intensity and a graph of the mean ± s.e.m. was made in Microsoft Excel for presentation. qPCR. To measure mRNA in cultured neurons, RNA was isolated at DIV14 using the RNAqueous kit (Ambion). RT-PCR reactions were set up in duplicate for each condition (150 ng total RNA) using the LightCycler 480 reagent kit (Roche), gene-specific primers (Roche) and a 7900HT Fast RT-PCR instrument (Applied Biosystems) with GAPDH as an internal control. Immunoblotting. Whole brains were homogenized in PBS with 0.3% Triton X-100 and protease inhibitor cocktail. Lysates were centrifuged at 14,000 rpm at 4 °C for 15 min. We added 20 μ l of supernatant to sample buffer and loaded it onto a 10% SDS-containing polyacrylamide gel, which was run at 120 V for 1 h. Proteins on the gel were transferred to a nitrocellulose membrane and incubated in 5% milk blocking solution for 1 h, incubated in a 1:1,000 dilution of primary antibody overnight (Syt7: rabbit S757 Sysy, HA: rat 3F10 Roche, valosin-containing protein (VCP): rabbit K331, actin: mouse a1978 Sigma) and incubated in a 1:10,000 dilution of secondary antibody conjugated to fluorescent probes for 1 h. Proteins were visualized using the Licor Odyssey CLx system. Data analyses and statistics. Electrophysiology data were analysed with either a custom program written with Igor Pro software (Wavemetrics), MiniAnalysis (Synaptosoft) or Clampfit (Molecular Devices). Statistical significance was assessed by the Mann-Whitney U test for all pairwise comparisons, with the exception of simultaneous dual-cell recordings, for which the Wilcoxon signed rank test was used. Two-way ANOVA was used for the SEP-GluA1 experiment in Fig. 4d . For all other experiments with three or more groups, statistical significance was assessed with the Kruskal-Wallis test; when significant differences were observed, pairwise comparisons were assessed by the Mann-Whitney U test (* P < 0.05; * * P < 0.01; * * * P < 0.001). Data availability. All relevant data are included with the manuscript as source data or Supplementary Information.
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Extended Data Figure 1 | Overview of experimental questions, approaches, results and controls. The diagram organizes the goals of the present study into six logically connected questions labelled A-F, and provides an overview of the experimental approaches, results and controls.
